Purpose: To investigate biomechanical and ultrastructural corneal parameters and ocular biometrics in the affected eyes of patients with unilateral primary congenital glaucoma (PCG) as compared to unaffected fellow eyes and agematched healthy controls. Methods: A total of 12 patients with treated unilateral PCG and 10 normal subjects were evaluated. LENSTAR was performed to determine biometric parameters; the ocular response analyser was employed to determine biomechanical properties and slit-scanning confocal microscopy was used for evaluation of corneal ultrastucture. Results: Axial length was significantly higher and mean keratometry in affected eyes was significantly flatter in affected eyes as compared to fellow eyes and normal controls (p < 0.05), and a negative correlation was present between axial length and mean keratometry (p < 0.05). Mean aqueous depth and anterior chamber depth were increased in affected eyes as compared to fellow eyes and normal controls (p < 0.05). There was no significant difference in central corneal thickness (CCT) among affected eyes, fellow eyes and normal controls. Corneal hysteresis (CH) was significantly reduced in affected eyes (p < 0.05) and corneal resistance factor (CRF) was also reduced in the affected eyes as compared to fellow eyes and normal controls, although not statistically significant. Mean endothelial cell density was reduced in the affected eyes compared to fellow eyes and normal controls (p < 0.05). Conclusion: Corneal biometrics, biomechanical parameters and ultrastructural features are altered in eyes affected with PCG despite clinically normal and clear corneas. These findings should be considered in the preoperative assessment of intraocular or corneal surgery in these patients.
Introduction
Glaucoma is a sight-threatening disease in children characterized by increased intraocular pressure (IOP), enlarged corneal diameter and optic disc cupping in the first year of life (Beck 2001) . Corneal changes in primary congenital glaucoma (PCG) include breaks in Descemet's membrane (Haab's striae) and corneal opacification, haziness and oedema (Tai et al. 2006; Thiagalingam et al. 2009; Daneshvar et al. 2012) .
One hundred years ago, PCG was an untreatable blinding disease. Progress in the management of PCG has led to retention of useful vision in affected eyes up to older age (Mendicino et al. 2000; Zagora et al. 2015) . As these patients with PCG grow, one has to deal with consequent pathologies such as cataract or endothelial exhaustion. Monitoring of corneal morphological changes and their evolution over time could assist accurate assessments regarding future ocular surgical procedures and prevent possible postoperative complications. In addition, corneal biomechanics may affect IOP measurement by Goldmann applanation tonometry and they may constitute a pressure-independent risk factor for glaucoma. Recent technological advances have made in vivo biomechanical and morphological corneal measurements possible.
The ocular response analyser (ORA, Reichert Inc., Depew, NY, USA) is a device that evaluates corneal biomechanical properties. The ORA generates a rapid air puff to deform the cornea, and the process of deformation and reformation of the cornea is documented with an infrared photometer. Analysis of the applanation/pressure curve provides two parameters that are indicative of the biomechanical profile of the cornea: corneal hysteresis (CH) and corneal resistance factor (CRF) (Lau & Pye 2011) . Reduction in CH and CRF has been shown in different types of adult glaucoma such as primary open-angle glaucoma, normal tension glaucoma and pseudoexfoliation (PEX) glaucoma (Cankaya et al. 2012) . In a recent study, Gatzioufas et al. reported a decrease in CH and CRF in patients with PCG compared to controls using the ORA (PeruchoGonz alez et al. 2016 ).
Confocal microscopy whether (CM) provides high resolution in vivo images of different layers of the cornea (Guthoff et al. 2009 ). Mahelkova et al. (2013) used confocal microscopy to evaluate the cornea in 10 patients with unilateral buphthalmos and reported lower endothelial cell density in buphthalmic eyes .
In this study, we investigate biomechanical parameters of the cornea using the ORA, as well as morphological parameters based on confocal microscopy, and ocular biometrics using an optical non-contact method in affected eyes of subjects with treated unilateral PCG and compare them with the fellow unaffected eyes, in addition to an agematched healthy control group.
Materials and Methods

Setting
This cross-sectional study was performed at the Department of Ophthalmology, Shahid Beheshti University of Medical Sciences, between 2013 and 2015. The study was approved by the Ethics Committee of the Ophthalmic Research Center, Shahid Beheshti University of Medical Sciences, and adhered to the tenets of the Declaration of Helsinki. Written informed consent was obtained by all participants or their legal guardians.
Participants
Twelve patients with purely unilateral PCG were selected from the glaucoma clinic at Labbafinejad Medical Center, regardless of age. A glaucoma subspecialist diagnosed PCG according to the Childhood Glaucoma Research Network (CGRN) definitions (Beck et al. 2013) .
Exclusion criteria included corneal scar, opacity, clinical oedema and Haab's striae; history of any ocular surgery other than glaucoma surgery in the affected eye; history of any ocular surgery or glaucoma medications use in the fellow eye; and poor co-operation for performing the diagnostic tests.
The external control group was comprised of 10 age-matched healthy individuals with no history of ocular or systemic disease, no prior eye surgery or any ocular abnormality in the examination, myopia or hyperopia of less than four dioptres, less than one dioptre of astigmatism, best corrected visual acuity of more than 20/25 and without any corneal or lens opacities.
A complete ophthalmic examination was performed for all participants including slit-lamp biomicroscopy, applanation tonometry and fundoscopy. Then, both eyes of all participants underwent the following investigations in order: optical biometry using the LENSTAR device (LS900; Haag-Streit, Koeniz, Switzerland), ORA (Reichert Inc.) and slit-scanning confocal microscopy. Confocal microscopy (CM) was performed in a separate session. LENSTAR LENSTAR (LS900; Haag-Streit) was performed to evaluate ocular biometric parameters including central corneal thickness (CCT), white-to-white corneal diameter, anterior chamber depth (ACD), aqueous depth (AD), lens thickness (LT), axial length, mean keratometry (mean K) and astigmatism. Aqueous depth is the distance between the corneal endothelium and the front lens, and ACD is the distance between the front surface of the corneaincluding the tear film -and the front lens.
LENSTAR is a non-contact device that uses low-coherence interferometry for biometric measurement. Before the examination, the process was explained to the subject; the participant was seated, his forehead was positioned on the headrest, and the device measured biometric parameters in one shot.
Ocular response analyser
After explaining the process of measurements, the subject was seated with forehead placed on the headrest of the ORA device (Reichert Inc.) and was asked to focus on the red fixation light. For each eye of the subject, four measurements were obtained and presented in a printout that included an applanation/pressure plot. Corneal resistance factor, CH, corneal-compensated IOP (IOPcc) and Goldmanncorrelated IOP were measured in all enrolled eyes. Intraocular pressurecorrected CRF and CH were calculated according to Sporl et al. with reference IOP = 18 mmHg and CCT = 540 lm [20] using the following formulae:
• Corneal resistance factor Corrected = CRF + 0.1 mmHg 9 (18 À IO Pcc) + 0.02 mmHg 9 (540 lm ÀC CT)
• Corneal hysteresis Corrected =CH À 0.2 mmHg 9 (18 À IOPcc) + 0.02 mmHg 9 (540 lm À CCT)
Slit-scanning confocal microscopy
The Confoscan 3 device (Nidek Technologies, Padova, Italy) was used for this study. The imaging modality allows high-resolution imaging of different layers of the cornea in vivo. It records 350 digital scans from back to front, three to four times using vertical slit apertures for illumination and observation of the field. After explaining the imaging process to the subject, topical anaesthesia was installed in both eyes, and the front lens (Achroplan 40 9 0.75 W ∞/0) was coated with immersion gel and then brought into contact with the cornea. For endothelial cells, analysis of endothelial size and shape was performed; Navis software was used for endothelial cell counts. Polymegathism and pleomorphism (determined by the percentage of hexagonality) were evaluated using an automatic cell count processing. Polymegathism is determined by the coefficient of variation in cell size. The standard deviation of the mean cell area divided by the mean cell area demonstrates the coefficient of variation. It is a unitless index which provides quantitative measurement of cell variation. It may express as a percentage and is normally <30%. We used the manual scan for measuring stromal keratocyte density at different layers defined as 'posterior stroma', that is stroma anterior to the endothelium, and 'anterior stoma', that is stroma just posterior to the basal epithelium. The 'middle stroma' was defined where middle stromal nerves were observed.
Statistical analysis
Data were analysed using SPSS software version 21.0 software for Windows (IBM/SPSS Inc, Chicago, IL, USA). We described the study data using mean, standard deviation, frequency and percentage values. We evaluated the normal distribution of our data with the Kolmogorov-Smirnov test. Paired t-test and Wilcoxon singed-rank test were employed to compare data from the affected eye as compared to the fellow eye and the normal control group. To evaluate intrasubject correlations between certain variables, we used partial correlation coefficients. To determine correlations between corneal morphological or biometrical parameters and biomechanical properties, Pearson correlation coefficients were used. p-values <0.05 were considered as statistically significant.
Results
Twenty-four eyes of 12 patients (five male/seven female) with treated unilateral PCG and clinically clear corneas were included. The right eyes of 10 healthy subjects (four male/six female) were selected as the normal control group. Mean age of the patients with PCG was 13.1 (range, 8-24) years, and mean age of the normal control group was 12 (range, 7-20) years. Mean horizontal corneal diameter was 13.1 (range, 12.5-14.5) mm in the affected eyes, 11.9 (range, 11.3-12.4) mm in the normal fellow eyes and 12 (range, 11.5-12.3 mm) in healthy control eyes. All affected eyes, fellow eyes and normal controls had controlled IOP (below 20 mmHg) as measured by Goldmann applanation tonometry. Controlled IOP was defined by previous studies on success rate of glaucoma surgery in patients with PCG (Al-Hazmi et al. 2005; Zagora et al. 2015) . Mean IOP was 16.4, 13.2 and 12.1 mmHg in affected eyes, fellow eyes and control eyes, respectively.
All affected eyes had a history of trabeculotomy or goniotomy, and the mean number of procedures in the affected eyes was 1.5 operations. Eighty per cent of affected eyes (10/ 12) were on topical antiglaucoma medications to control IOP, and the mean number of drugs was 1.75. They used different types of topical antiglaucoma medications including beta blockers, alpha-2 agonists, prostaglandin analogues and carbonic anhydrase inhibitors. The fellow eyes and normal control subjects had no evidence of raised IOP or glaucomatous damage, had no history of ocular surgery and were not receiving any glaucoma medication.
LENSTAR
Axial length was significantly higher in the affected eyes (25.06 AE 1.72 mm) as compared to the fellow eyes (22.78 AE 0.53 mm; p = 0.06) and normal controls (22.66 AE 0.68 mm; p = 0.002). Mean AD and ACD were greater in the affected eyes as compared to the fellow eyes and normal controls (p < 0.05). Lens thickness was comparable among affected eyes, fellow eyes and normal controls. Mean keratometry in the affected eyes (42.31 AE 1.68 dioptres) was significantly flatter as compared to the fellow eyes (43.58 AE 1.24 dioptres; p = 0.017) and normal controls (43.47 AE 0.99 dioptres; p = 0.047). In the affected eyes, we observed a negative correlation between axial length and mean keratometry (p = 0.002). No significant difference was observed in terms of CCT in the affected eyes (588.36 AE 60.94 lm) as compared to the fellow eyes (605.64 AE 42.99 lm; p = 0.234) and normal controls (551.78 AE 33.84 lm; p = 0.229). Ocular biometric parameters measured by LENSTAR are detailed in Table 1 .
Ocular response analyser
Corneal hysteresis was significantly reduced in the affected eyes (8.4 AE 2.1 mmHg) as compared to the fellow eyes (11 AE 2.07 mmHg; p = 0.004) and normal controls (11.86 AE 1.9 mmHg; p = 0.018). Corneal resistance factor was also reduced in the affected eyes (9.96 AE 2.2 mmHg) as compared to the fellow eyes (11.22 AE 2.11 mmHg; p = 0.144) and normal controls (11.71 AE 1.81 mmHg; p = 0.186); however, these differences were not statistically significant. Intraocular pressurecorrected CRF and CH were also lower in the affected eyes as compared to the fellow eyes (p < 0.05) and normal controls (p < 0.05). Corneal-compensated IOP was higher in the affected eyes (21.75 AE 6.38 mmHg) as compared to the fellow eyes (16.15 AE 3.74 mmHg; p = 0.01) and normal controls (14.88 AE 2.61 mmHg; p = 0.026). Corneal biomechanical properties as measured by ORA are shown in Table 2 .
Confocal microscopy
Mean keratocyte density in the anterior, middle and posterior corneal stroma was reduced in the affected eyes as compared to the fellow eyes and normal controls. In the middle stroma, the difference between the affected eyes and fellow eyes showed a trend towards significance (p = 0.078). Mean keratocyte density was reduced significantly in the middle and posterior stroma of the affected eyes as compared to normal controls, (p = 0.037 and p = 0.039, respectively). Mean endothelial cell density was significantly reduced in the affected eyes (2617 AE 5832 Cells/ mm 2 ) as compared to both fellow eyes (3315 AE 382 Cells/mm 2 ; p = 0.014) and normal controls (3357 AE 282 Cells/mm 2 ; p = 0.007). Cell count screen view of endothelium and middle stroma by confocal microscopy is illustrated in Fig. 1 . Polymegathism was not significantly different between affected and fellow eyes (p = 0.333) and between affected eyes and normal controls (p = 0.542). The percentage of the hexagonal cells was reduced in the affected eyes (58.06%) as compared to the fellow eyes (65.76%) and normal controls (65.75%), but the differences were not statistically significant. Confocal microscopic features of different layers of the cornea are presented in Table 3 . Among ultrastructural and biometric corneal parameters which may have an impact on its biomechanical behaviour in the affected eyes, the correlation between different parameters was evaluated using Pearson correlation coefficients. In the affected eyes, we identified only one significant correlation; a negative correlation was observed between axial length and mean keratometry (p = 0.002).
Discussion
In this study, we evaluated ocular biometrics using LENSTAR, corneal biomechanical profile by the ORA and corneal morphological properties with confocal microscopy in patients with unilateral PCG, their normal fellow eyes and a group of age-matched normal controls.
In this study, axial length in affected eyes was significantly higher than fellow eyes and normal controls. These data are consistent with other studies reporting high axial length and myopia in patients with PCG (Patel & Cooper 1969; Kiskis et al. 1985; Kiefer et al. 2001; Cronemberger et al. 2014) . PCG is usually associated with elevated IOP at early age in which the ocular parts are not fully mature and have more plasticity. High IOP in patients with PCG leads to axial length elongation and associated myopia, ACD, iris thinning and increased corneal diameter (Hussein et al. 2014) . From histological aspect, high axial length is associated with thinning of choroid, posterior sclera and Bruch's membrane (Jonas et al. 2016 ). On the other hand, mean keratometry was significantly flatter in affected eyes. These differences can be explained by the emmetropization process (Mutti et al. 2005; Yebra-Pimentel et al. 2008 ) by which keratometry balances axial length to produce emmetropia. If axial length is higher than normal as in PCG eyes, keratometry tends to be flatter to compensate the axial myopia. Anterior chamber depth and AD were increased in affected eyes as compared to fellow eyes and normal controls which can also be explained by myopic changes in patients with PCG (Mark 2011 ).
In the current series, CCT was comparable among affected eyes, fellow eyes and normal controls. Prior studies regarding CCT in patients with PCG have yielded mixed results. Daneshvar et al. (2012) reported thicker corneas in patients with PCG and suggested the cause to be corneal oedema or endothelial dysfunction. Most other studies have reported significant corneal thinning in PCG as compared to control eyes (Henriques et al. 2004; Wygnanski-Jaffe & Barequet 2006; Lopes et al. 2007) and claimed this decrease to be 
Affected eye (A) (B) (C) (D) (E) (F)
Fellow eye
Normal control Fig. 1 . Confocal biomicroscopy, cell count screen view of middle stroma (A, C and E) and endothelium (B, D and F) . Region of interest (ROI) has been selected equally between three study groups. Endothelial cell and keratocyte density has decreased in affected eye in comparison with fellow eye and age-matched normal control.
due to corneal stretching in the presence of adequate endothelial cell function. The difference between studies in this regard may be due to inclusion criteria. Disease severity, corneal scarring and endothelial function may influence CCT. In our study, all enrolled patients with PCG had clear corneas; patients with corneal oedema, corneal scars and Haab's striae were excluded from the study. We may conclude that patients with PCG with clinically normal corneas have normal CCT. In our study, CH was significantly reduced in eyes affected with PCG as compared to the fellow eyes and normal controls. Corneal resistance factor was also reduced in these eyes; however, the difference was not statistically significant. In addition, IOPcorrected CRF and CH were both significantly reduced in affected eyes. Corneal hysteresis seems to correlate to viscous damping in the cornea, while CRF is an indicator of corneal rigidity (Lau & Pye 2011) . Some studies have claimed that CH is related to corneal thickness (Luce 2005; Hirneiss et al. 2011) .
Corneal biomechanical parameters in patients with glaucoma have been evaluated by ORA in some studies and have shown that glaucomatous eyes have reduced CH (Streho et al. 2008; Abitbol et al. 2010; Cankaya et al. 2012) . Few studies have evaluated ORA parameters in patients with PCG and reported reduced CH and CRF in eyes with PCG (Kirwan et al. 2006; Gatzioufas et al. 2013; PeruchoGonz alez et al. 2016) ; our findings are in accordance with these studies. Reduced CCT and high axial length have been reported to be associated with decreased CH (Altan et al. 2012 ). In the current study, CCT was thinner in affected eyes as compared to fellow eyes, although this difference was not significant. Thinner cornea and higher axial length can explain the significant reduction in CH in affected eyes as compared to fellow eyes and normal controls.
Intraocular pressure (IOP) reduction is the most important and effective intervention for management of glaucoma. Altered ORA parameters may affect IOP measurements by Goldmann applanation tonometry (Liu & Roberts 2005; Medeiros & Weinreb 2006) . Intraocular pressure should be assessed more carefully in patients with PCG because of altered corneal biomechanical properties. In our study, corneacompensated IOP (IOPcc) was higher in affected eyes as compared to fellow eyes and the normal control group which is an obvious finding. Calculation of IOP-corrected CRF and CH was introduced by Sporl et al. (2009) . The formula for calculation is not generally accepted but seems to be useful to evaluate biomechanics of the cornea considering the effect of IOP. In one study, CH was significantly reduced in eyes with primary openangle glaucoma (POAG) as compared to fellow eyes in patients with unilateral POAG, but IOP-corrected CH was comparable (Hirneiss et al. 2011 ). In our study, IOP-corrected CRF and CH were significantly reduced in affected eyes as compared to fellow eyes and normal controls. This shows that cornea biomechanics in PCG eyes are altered even after correcting for the effect of IOP.
Confocal microscopy whether (CM) evaluates the morphology of different layers of the cornea and can be applicable in many anterior segment disorders (Kymionis et al. 2015) . A few recent studies have evaluated such findings in buphthalmic corneas. Mastropasqua et al. (2002) described two adult patients with PCG and buphthalmos using in vivo confocal microscopy. Mahelkova et al. (2013) compared corneal structure in buphthalmic versus healthy eyes in 10 patients with unilateral primary or secondary congenital glaucoma using corneal confocal microscopy, and most included patients (seven of 10 patients) in Mahelkova's study had Haab's striae. Using this technology, we evaluated corneal changes in a more uniform group of patients with unilateral PCG and no corneal oedema, Haab's striae or scars. Moreover, we compared all parameters to a healthy group as an external control in our study.
Endothelial abnormalities in the presence of Haab's striae have been proven histopathologically (Cibis & Tripathi 1982) . Mahelkova et al. (2013) could show these abnormalities in vivo. In our study, despite clinically clear buphthalmic corneas, that is without Haab's striae, scars or corneal oedema, mean endothelial cell density was significantly reduced in the affected eyes as compared to fellow eyes and normal controls. Several factors could contribute to the lower number of endothelial cells. One possible factor could be prolonged corneal oedema, which is a typical finding in eyes with congenital glaucoma at the time of diagnosis (deLuise & Anderson 1983) . In addition, all affected eyes in our study had undergone intraocular glaucoma surgeries, and endothelial cell loss is well documented after intraocular surgery (Arnavielle et al. 2007; Borghol Kassar et al. 2012; Vasavada et al. 2012) . Polymegathism and hexagonality were comparable in all study groups.
In our study, mean keratocyte density in the anterior, middle and posterior corneal stroma was reduced in affected eyes. In the middle and anterior stroma, the difference between affected and fellow eyes showed a trend towards significance. Keratocyte density was significantly reduced in Mastropasqua et al. (2002) , who demonstrated significantly reduced keratocyte density in the posterior cornea of buphthalmic eyes. The reduction in keratocyte density in affected eyes may be due to corneal stretching or multiple intraocular surgery. Mechanisms and causes of keratocyte density reduction should be investigated in future studies.
In the present study, we had a unique opportunity to compare findings from patients with unilateral buphthalmos secondary to PCG to their normal fellow eyes, in addition to a normal age-matched control group and observed structural changes in buphthalmic corneas due to PCG. A similar intra-individual study has been performed on corneal profile but included secondary congenital buphthalmos in addition to PCG (Mahelkova et al. 2013 ). In the current study, we only included patients with PCG to avoid more complex anterior segment conditions with an inherent corneal pathology. Use of age-matched normal subjects as an external control group has given our study another advantage, compensating for intrasubject correlation bias between fellow eyes.
The present study has certain limitations that should be considered. The main limitation is the limited number of cases. Primary congenital glaucoma by itself is a rare condition, and most cases are bilateral. Overall, most patients with PCG have Haab's striae or corneal scar as a hallmark of their disease. Altered biomechanics and morphology in the presence of the apparent corneal abnormality are expected. The purpose of the current study was to evaluate the corneal profile of the patients with PCG who have clinically clear cornea with enlarged diameter. This purpose necessitates excluding all patients with corneal abnormality such as oedema, Haab's striae and opacity. Among two hundred patients with PCG who underwent glaucoma surgery during last 20 years at our tertiary hospital (Labbafinejad Medical Center), we assessed all patients with unilateral PCG for eligibility, but many subjects were excluded due to our tight exclusion criteria or poor co-operation. A total of 12 patients with PCG met our inclusion criteria to participate in the study. Post hoc power analysis shows that the study power to detect a 40-lm difference in CCT between affected eyes with fellow eyes and normal control was 43%. To detect 40-mm difference of CCT with power of 90%, 47 unilateral patients with PCG with clinically normal cornea are needed.
Another drawback of the study is that measurements were not masked because the appearance of the buphthalmic eye prevented masking the operators. However, the observer who analysed the results was unaware which eye was healthy and which one was buphthalmic.
In summary, our study showed that biometrics of the eye is altered by PCG. Corneal biomechanical parameters, measured by ORA, are also affected in eyes of patients with treated PCG, despite clinically normal and clear corneas which may affect IOP measurements by Goldmann applanation tonometry. Confocal microscopy (CM) showed significant reduction in corneal endothelial density and a trend towards decreased keratocyte density in the corneal stroma in eyes affected with PCG. These findings may have implications in preoperative assessment of intraocular or corneal surgery in these patients. Future research is necessary to assess the effect of biomechanical parameters on progression and management of PCG.
